Bartonella is a Gram-negative pathogen that is unique among bacteria in being able to induce angioproliferative lesions. Cultured human endothelial cells have provided an in vitro system in which to study the basis of angioproliferation. Previous studies have attributed the organism's ability to induce angioproliferative lesions to direct mitotic stimulation of endothelial cells by these bacteria. Here we show that Bartonella inhibits apoptosis of endothelial cells in vitro, and that its ability to stimulate proliferation of endothelial cells depends to a large extent on its antiapoptotic activity. Bartonella suppresses both early and late events in apoptosis, namely caspase activation and DNA fragmentation, respectively. Its ability to inhibit death of endothelial cells after serum starvation can be recapitulated by media conditioned by bacteria, indicating that direct cell contact is not necessary. Among tested strains, the activity is produced only by Bartonella species that are significant human pathogens and are associated with angioproliferative lesions. We suggest that endothelial cells normally respond to infection by undergoing apoptosis and that Bartonella evolved the antiapoptotic activity to enhance survival of the host cells and therefore itself. We propose that Bartonella's antiapoptotic mechanism accounts at least in part for its ability to induce vascular proliferation in vivo.
B
artonella are unique among bacterial pathogens in their ability to cause angioproliferative lesions (1) (2) (3) . These lesions are comprised of proliferating endothelial cells admixed with bacteria and can be found in many organs of the body. The disease process has been named bacillary angiomatosis when Bartonella henselae and Bartonella quintana are present. In the liver and spleen, the lesions can assume a cystic form referred to as bacillary peliosis. Bacillary angiomatosis and peliosis occur exclusively in immunocompromised patients, predominantly affecting patients with AIDS, and can be life-threatening.
In immunocompetent individuals, B. henselae and B. quintana cause ''cat-scratch disease'' and ''trench fever'' (1-3). These prolonged febrile illnesses are associated with infection in blood and tissues that may last for months and can result in infection and destruction of heart valves. Approximately 20,000 cases of cat-scratch disease occur a year, with an estimated 2,000 requiring hospitalization. Trench fever predominantly affects homeless alcoholics but in the past was responsible for an epidemic of over 1 million cases during World War I. An additional species, Bartonella bacilliformis, causes disease in immunocompetent individuals within a geographically confined region in South America. This infection is associated with red cell destruction, immune suppression, and multiple angioproliferative skin lesions. Cat fleas, body lice, and sand flies serve as vectors for human infection by B. henselae, B. quintana, and B. bacilliformis, respectively.
In these disease states, Bartonella has been found associated with endothelial cells. For example, in cat-scratch disease, B. henselae has been found in vessel walls (4) , and in angioproliferative lesions, Bartonella is found both within and in clusters surrounding endothelial cells (5, 6) . Presumably, endothelial association is necessary for the organism's survival in vivo. It allows replication of an extremely slow growing organism in a compartment protected from the host immune response. This association also must help account for the sustained blood infections that allow bloodsucking insect vectors to transmit infection from one host to another. In vitro studies have confirmed an ability to invade and multiply within endothelial cells (7) (8) (9) . After actin-dependent invasion, intracellular replication occurs within a vacuole termed an invasome (10) .
Very little is known currently about how Bartonella causes disease at the molecular level. However, it is thought that direct endothelial association underlies Bartonella's ability to cause angioproliferative lesions. These lesions only occur in association with bacteria (5, 6) , suggesting the action of bacterial factors that act locally or are bacterial cell-associated. The disappearance of proliferative lesions after antibiotic treatment confirms a primary role for Bartonella in their formation. A number of studies have examined whether Bartonella could similarly stimulate endothelial proliferation in vitro (11) (12) (13) (14) . In each of these studies, human umbilical cord endothelial cells (HUVECs) were infected with Bartonella in a medium lacking endothelial mitogens. In all the studies, a relative increase in the number of endothelial cells was found in infected cultures. This effect was proposed to result from a bacterial mitogenic activity that also would account for angioproliferative lesions observed in vivo. However, the mechanism underlying this phenomenon remains unclear. Here we examined the underlying basis for this increased endothelial proliferation in the presence of Bartonella. We reasoned that the increase in cell numbers could be caused by either increased cell division or reduced cell death. To our surprise, we found that increased numbers were caused predominantly by decreased cell death. Furthermore, the decrease in cell death was specifically the result of a bacterial antiapoptotic activity. Below we describe details of this phenomenon and hypothesize that endothelial proliferation in vivo also relies on antiapoptotic activity.
Materials and Methods
Strains and Cell Lines. Unless otherwise indicated, infections were with B. henselae (ATCC 49882). B. henselae strains 88-712, 87-66 (lower passage than corresponding ATCC 49793), and Bartonella vinsonii VR-152 were a kind gift of Denise Pickett-Robison (Univ. of Oklahoma Medical Center, Oklahoma City, OK). Other strains were purchased from the ATCC. Bacteria were cultured at 37°C with 5% CO 2 on tryptic soy agar with 5% sheep blood (BD Biosciences, Sparks, MD) or heart infusion agar with 5% rabbit blood (BBL) for more fastidious strains. HUVECs and neonatal human dermal microvascular endothelial cells (Clonetics, San Diego) were grown in EGM-2 and used at passage number 5-7. MRC-5, Hep-2, A549, HEL, WI-38, RD, and Madin-Darby canine kidney cell lines were from BioWhittaker.
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Infections. To achieve an estimated ratio of 500 bacteria per mammalian cell based on optical density (OD 600 ϭ 1 estimated at 1E9 bacteria per ml), 6-7-day patches of bacteria were suspended in Media 199 with Earle's salts (M199) ϩ 10% FBS (Life Technologies, Rockville, MD). Unless otherwise indicated, cell lines plated at a density of 12,000 per cm 2 in the same medium were infected for 24 h followed by serum starvation or exposure to actinomycin D (Sigma-Aldrich).
Proliferation Assays. Endothelial cells plated at 3,000 per cm 2 (1,000 cells per assay) were infected or treated with human vascular endothelial growth factor-165 and bFGF (R&D Systems) in the presence of BrdUrd. BrdUrd incorporation was determined by using the cell-proliferation BrdUrd ELISA (Roche Molecular Biochemicals). For microscopic determination of proliferation rate, HUVECs infected in M199 with 10% FBS were fed daily with the same medium. Z-VAD-FMK (Biomol) was added daily at 50 M. At 48 and 96 h, cells were fixed in 4% paraformaldehyde and stained with 4Ј,6-diamidino-2-phenylindole (DAPI, Sigma) for 10 min. Microscopy was performed with a Nikon Eclipse fluorescent microscope, and ϫ40 images were captured with a Nikon DXM 1200 digital camera. The cell number was quantified by using IPLAB for Macintosh 3.5 (Scanalytics, Billerica, MA). Anaphase and telephase nuclei were identified easily from low-power images and counted manually to determine a mitotic rate (anaphase ϩ telephase nuclei͞total cell number). This procedure allowed us to scan large numbers of cells. We determined the relationship between mitotic rate and doubling time in highly supplemented medium (EGM-2 MV) in which almost no apoptosis occurred and doubling took place in Ϸ24 h (data not shown).
Cell-Death Assays. The viability of mammalian cells was determined by assaying for total cytoplasmic lactate dehydrogenase (LDH) activity by using the Cytotox 96 nonradioactive cytotoxicity assay (Promega; ref. 15) . To ensure that only cytoplasmic LDH was measured, mammalian cells were washed three times with PBS and then lysed in 0.9% Triton X-100 in PBS. The washing step served to remove unbound cells and wash away cytoplasmic LDH from cells that no longer maintain an intact cell membrane, including cells that have undergone necrosis and those in the later stages of apoptosis when cell-membrane integrity is lost (15, 16) . The majority of apoptotic cells would be accounted for by a reduction in the total LDH measured, because they would have already lost cell-membrane integrity or their attachment to the substratum and therefore not contribute to LDH activity. Absorbance values correlated directly with cell number over the range of our assays (data not shown). The CellTiter 96 Aqueous One Solution cell-proliferation assay (MTS reduction, Promega) was performed according to manufacturer instructions.
For terminal dUTP nick end-labeling (TUNEL) assays, HUVECs were plated on CC2 chamber slides (Nunc), infected overnight, and serum-starved or treated with actinomycin D for 6 h. Slides were fixed in 4% paraformaldehyde in PBS. TUNEL assays were performed by using the fluorescein-dUTP in situ cell-death detection kit (Roche), and slides were counterstained for 5 min with DAPI. Images (ϫ100) were captured by using FITC (TUNEL-positive cells) and DAPI (total cells) filter sets, and the percentage of TUNEL positivity was determined. Low molecular weight, histone-complexed DNA fragments were quantified by using the Cell-Death Detection Elisa PLUS (Roche). For specific caspase assays, infected cultures were serum-starved for 5 h and assayed as described previously (17) with minor modifications. Briefly, 250,000 cells per assay were lysed in 150 mM Tris⅐HCl, pH 7.4͞1% Triton X-100 and incubated in a reaction buffer containing 50 mM Hepes, pH 7.4, 75 mM NaCl, 0.1% CHAPS, 5 mM DTT, and 25 M of the indicated caspase substrates (Alexis Biochemicals, San Diego) Ϯ 10 M of specific caspase inhibitors; 7-amino-4-methylcoumarin (Molecular Probes) standards were used to calculate enzymatic units (mol͞h of cleaved substrate). Alternatively, a broad-spectrum caspase assay (DEVD-R110 substrate) was performed directly on infected endothelial cells in a 96-well plate format by using the fluorometric homogenous caspase assay (Roche).
Results

Bartonella Has a Minimal Effect on Endothelial Mitosis.
We first asked whether Bartonella-induced cell proliferation (11-13) is a result of increased mitosis. Mitotic stimulation of HUVECs was examined by incorporation of the thymidine analog, BrdUrd, under conditions previously reported to result in cell proliferation. During a 48-h labeling period, B. henselae-infected cultures did not exhibit BrdUrd incorporation beyond that observed for uninfected cells (Fig. 1A) . Similar results were obtained with other Bartonella species, including B. quintana, B. vinsonii, and Bartonella elizabethae (data not shown). To demonstrate that the endothelial cells were competent for mitosis, we showed that BrdUrd incorporation was induced by two known endothelial mitogens, vascular endothelial growth factor and basic fibroblastic growth factor. Thus, Bartonella did not appear to stimulate mitosis at a level detectable by this assay.
We then used a more sensitive microscopic assay to look further for possible mitotic stimulation. At 48 and 96 h, we observed a relative increase in mitotic rate of 0.15% for infected cultures (Fig. 1B) . However, by 96 h there were three times as many infected as uninfected cells. This 3-fold difference could not be explained completely by the small 0.15% increase in relative mitotic rate. In this system, a mitotic rate of 1.4% corresponded to a doubling time of 24 h (data not shown). At this rate, the infected cultures would double relative to uninfected cultures only after 9 days in culture. Thus, the relative difference in cell numbers could be explained only partially by mitotic stimulation.
An Antiapoptotic Activity in Bartonella. We next asked whether this difference could be accounted for by an inhibition of cell death. To test whether Bartonella inhibited cell death, we stressed infected endothelial cells by either serum starvation or actinomycin D treatment in the presence of serum, two conditions that are known to induce apoptosis in endothelial cells (18, 19) . Using a cytoplasmic LDH assay to assess cell viability, we found that B. henselae infection significantly reduced cell death induced by these treatments (Fig. 2A) . We confirmed these results by using an alternative method to measure viable cell number. Specifically, the MTS reduction assay also showed an Ϸ2-fold increase in viability of Bartonella-infected cells as compared with uninfected controls (data not shown). This difference was observed under both serum starvation and actinomycin D treatment conditions.
We then asked whether this effect on HUVEC death was caused by a block specifically in apoptosis. To this end, we compared Bartonella infection to the effect of adding Z-VAD-FMK, an antiapoptotic agent with broad-spectrum anti-caspase activity (20) . In all the experiments described below, apoptosis was induced by serum starvation or actinomycin D as indicated in the figure legends. We found that B. henselae suppressed endothelial cell death as effectively as the caspase inhibitor Z-VAD-FMK (Fig. 2B) . In addition, when added in the presence of bacteria, Z-VAD-FMK did not lead to increased viability of endothelial cells beyond that afforded by bacteria alone. Because the effects were nonadditive, Bartonella most likely acts in the same pathway as Z-VAD-FMK. Therefore, Bartonella seems to preserve HUVEC viability by inhibiting apoptosis. Interestingly, neither Z-VAD-FMK nor bacteria could prevent cell loss completely, suggesting that either Z-VAD-FMK and Bartonella could not inhibit apoptosis completely or a subpopulation of refractory cells might be dying in an apoptosis-independent pathway.
We sought further proof of an antiapoptotic effect by assessing effects on caspase activation (Fig. 2C) , one of the first steps of the apoptosis pathway in which initial signals are amplified by a cascade of sequentially activated proteases. Specific caspase assays showed that caspases 3 and 8 were inhibited significantly by bacterial infection. Although caspase 8 generally is considered to act upstream of caspase 3, it is unclear whether Bartonella inhibited either caspase directly, because both early and late caspases participate in a positive feedback cycle that amplifies total caspase activity (21). Caspase 1 activity was not induced significantly under our assay conditions (data not shown). Using a general caspase assay, we found that B. henselae also inhibited members of the caspase 3 family. Therefore, B. henselae inhibited the activation of the caspase proteolytic cascade, indicating that early events of apoptosis are blocked by Bartonella.
To test whether later events were disrupted also, we examined Bartonella's effect on endonuclease-mediated chromatin fragmentation, a common endpoint of the apoptotic pathway. Using the TUNEL assay (22), we found that infection significantly reduced the number of HUVECs with fragmented chromatin occurring after serum starvation or actinomycin D treatment (Fig. 2 D and E) . Corresponding DAPI images were consistent with these results, as indicated by the characteristic condensed and fragmented nuclei ( Fig. 2D; refs. 16 and 23) . Similar results were observed using an immunological assay that detects low molecular weight, histone-associated DNA fragments (Fig. 2F) . Thus, Bartonella infection also blocked late events of apoptosis.
Taken together, these assays demonstrated that Bartonella inhibits endothelial cell death by disrupting the apoptosis pathway. The evidence also argues that the relative difference in endothelial cell numbers observed during prolonged infection (Fig. 1B) can be accounted for largely by this effect on apoptosis. More specifically, although a 0.15% mitotic increase could not explain the relative increase in cell number at 96 h postinfection, blocking apoptosis with Z-VAD-FMK produced a quantitatively similar result to Bartonella infection (Fig. 1B) . These results therefore provided in vitro evidence that Bartonella-induced endothelial proliferation relies on a bacterially associated antiapoptotic factor. It is worthy to note also that an antiapoptotic effect of Bartonella could be seen in serum-plus conditions (Fig. 2  C-F) . This result was completely expected, because culture conditions generally induce some degree of apoptosis in all cell types. In the case of endothelial cells, Ϸ14.3% in serum were TUNEL-positive (Fig. 2E) . Serum starvation increased the number of apoptotic cells to Ϸ21.6%. The fact that Bartonella infection resulted in a 3-fold decrease under both culture conditions indicates that the antiapoptotic factor is not induced by the lack of serum per se.
Antiapoptotic Activity Required Bacterial RNA and Protein Synthesis.
To assess whether new synthesis was necessary for antiapoptotic activity, infections were carried out in the presence of bacterial RNA and protein synthesis inhibitors. When added immediately after infection, both rifampin (a bacterial RNA polymerase inhibitor) and gentamicin (a bacterial protein synthesis inhibitor) completely abolished Bartonella's antiapoptotic activity (Fig. 3A) . When added 6 h after infection, rifampin now only partially interfered with antiapoptotic activity, whereas gentamicin was still fully inhibitory. When added 24 or 30 h after infection, neither antibiotic was inhibitory. Although we cannot exclude an indirect effect of these inhibitors, these results suggested that either the antiapoptotic factor is not preformed and is synthesized during the first 24 h after infection or a preformed antiapoptotic factor requires additional synthetic activity for its eventual release.
Conditioned Medium Contained Antiapoptotic Activity. The antiapoptotic factor could be either released into the medium or closely associated with the bacteria. In the latter case, direct bacterial contact might be required to prevent endothelial cell death in response to serum starvation. To distinguish between these possibilities, we generated culture medium that was preconditioned by Bartonella during a 24-h infection of endothelial cells (Fig. 3B, ϩHUVECs histograms) . The medium was passed through a 0.2-m filter to remove all bacteria and then fed for 24 h to test cells (endothelial cells that were not exposed previously to bacteria). When test cells subsequently were serum-starved for 18 h, we observed a modest protection from cell death. This result suggested that the antiapoptotic factor is released into the culture medium, and bacteria contact with endothelial cells was not necessary. However, the protective effect was not as robust as that seen during direct bacterial infection (Fig. 2 A) . This difference could mean that either the secreted antiapoptotic activity is labile or other bacterial factors, perhaps themselves labile or requiring direct bacterial contact, are needed to maximize the antiapoptotic effect.
To determine whether the antiapoptotic factor is synthesized in response to endothelial cells, we generated culture medium that was preconditioned by Bartonella in the absence of endothelial cells (Fig. 3B, ϪHUVECs histograms) . Surprisingly, a modest antiapoptotic effect could also be observed on test endothelial cells. Therefore, the factor appeared to be made constitutively or was at least induced in response to something present in serum-containing tissue culture medium. This effect could be elicited by both standard M199 and DMEM. These data combined argued that the antiapoptotic factor is made by bacteria and released into the extracellular environment, but the factor does not seem to be induced specifically by endothelial cells.
Host-Pathogen Specificity of the Antiapoptotic Activity. Next, we tested whether antiapoptotic activity was limited to cells of human umbilical origin. We found that Bartonella could also reduce cell death of human dermal microvascular endothelial cells significantly (Table 1) , an effect also dependent on inhibition of apoptosis as shown by suppression of caspase activation (P Ͻ 0.001) and DNA fragmentation (P ϭ 0.02) (data not shown). Therefore, we found that endothelial cells of dermal microvascular origin (human dermal microvascular endothelial cells) also responded to Bartonella. On the other hand, there was no significant inhibition of cell death (P Ͼ 0.1) for fibroblast lines (MRC-5, WI-38, and HEL), carcinoma cell lines (HEp-2, A549, and Madin-Darby canine kidney), and an RD cell line ( Table 1 ), suggesting that among the cell types tested, antiapoptotic activity was restricted to cells of endothelial origin.
Because the ability to cause angioproliferative lesions is associated with a small subset of Bartonella, whether antiapoptotic effects were restricted to these species was also of interest. Among the strains tested, we found that multiple B. henselae isolates and B. quintana S1694 were able to inhibit significantly cell death induced by actinomycin (Fig. 4) and serum starvation (data not shown). These species have been associated with serious human disease and angioproliferative lesions. Antiapoptotic activity from B. quintana S1694 was confirmed by demonstrating significant suppression of DNA fragmentation (P Ͻ 1E-5; data not shown). In contrast, nonangiogenic species, B. vinsonii VR-152, B. vinsonii 700727, B. elizabethae 49927, and Bartonella clarridgeiae 51734, did not inhibit cell death (Fig. 4 ; data not shown for B. clarridgeiae). Interestingly, these species have rarely, if ever, been associated with human infection (24) . Therefore, angioproliferative ability and human pathogenicity correlated with antiapoptotic potential in the genus Bartonella.
Discussion
We have studied an in vitro model of Bartonella pathogenesis and found that the bacterium enhances growth of human endothelial cells through an as yet unidentified antiapoptotic factor. We provide evidence that this antiapoptotic factor is found in species that are highly pathogenic in humans. Although future studies will need to examine a greater range of cell lines, our present study suggests that the antiapoptotic factor may act preferentially on cells of endothelial origin. We propose that this antiapoptotic property of Bartonella accounts at least in part for its previously described proliferative effects on endothelial cells in vitro.
In vivo, Bartonella causes angioproliferative diseases involving the formation of numerous immature vessels (6, (25) (26) (27) . The results of our study raise the obvious question of whether inhibition of apoptosis also might lead to endothelial proliferation and, hence, angioproliferation in vivo. Indeed, emerging evidence shows that cells of the neovasculature are critically dependent on antiapoptotic signals for their survival (28) (29) (30) . Experimentally suppressing apoptosis by increasing Bcl-2 levels promotes angiogenesis in tumors (31) , whereas withdrawal of antiapoptotic survival signals leads to regression of vessels (28) . In contrast, mature vessels become relatively independent of antiapoptotic survival signals and are largely quiescent (32) . Prevalent models for angiogenesis therefore envision a dynamic interplay between opposing forces that promote or inhibit vessel formation (33) . On the basis of our present findings, we predict that Bartonella-associated angioproliferation depends on the antiapoptotic factor uncovered by our experiments.
However, as suggested by previous in vivo observations, antiapoptotic activity by itself cannot explain angioproliferative lesions completely. Endothelial cells within these lesions show increased levels of mitotic activity (6, (25) (26) (27) , suggesting that mitotic stimulation of endothelial cells plays a significant role, which is in contrast to our in vitro studies in which only a small degree of mitotic activity was observed. This difference could be explained in one of three ways. First, it is possible that our in vitro assay was insensitive for detecting bacterial mitogenic activity. Second, Bartonella may stimulate mitosis indirectly via cell types that were not present in our culture system. In vivo, bacillary angiomatosis is associated with the accumulation of inflammatory cells (25) (26) (27) ) that can secrete potent endothelial mitogens and are believed to be partly responsible for angiogenesis at inflammatory sites (30, 34) . In this case, Bartonella's antiapoptotic activity would amplify the angiogenesis that normally occurs during inflammation. Finally, our in vitro assay did detect a small but measurable increase in mitotic activity between 48-96 h. Although relatively weak in vitro, this mitogenic activity may be significant when acting in vivo over the course of weeks and months, especially if combined with the type of antiapoptotic activity reported here. The development of an in vivo model for bacillary angiomatosis and assessment of the relative contributions of mitogenic and antiapoptotic activities will help differentiate among these possibilities.
In conclusion, nature has demonstrated repeatedly that hosts and pathogens evolve side by side. Host organisms seek to minimize damage, and pathogens attempt to evade host defenses, propagate, and spread. Because Bartonella has a long generation time (weeks to grow on bacterial medium), it is particularly vulnerable to rapid elimination by host defenses. Despite this vulnerability, Bartonella can cause sustained infections in the blood stream for many months, perhaps partly because of its association with endothelial cells. Here, Bartonella likely finds a hospitable environment in which it is protected from clearance by the immune system. One common defense strategy against this type of intracellular parasitism is the elimination of infected cells via apoptosis (35, 36) . Our work shows that Bartonella has evolved an antiapoptotic activity, presumably to combat this host defense. An antiapoptotic strategy apparently has been adopted by many other human pathogens including Mycobacteria (37), Salmonella (38) , and Rickettsia (39) and numerous viruses (35) . In the case of Bartonella, antiapoptotic activity may contribute to the development of angioproliferative lesions and lead to potentially fatal complications in immunocompromised hosts, perhaps as an unintended consequence of Bartonella's evolution to coexist with endothelial cells. Further elucidation of the interaction between this pathogen and endothelial cells will give us additional insights into apoptosis, angiogenesis, and survival strategies of highly evolved pathogens.
